One sentence summary: Tetragenococcus halophilus KUD23 as a non-histamine-producing starter culture for high-salt soybean fermentation. Editor: Wolfgang Kneifel † Do-Won Jeong, http://orcid.org/0000-0001-6586-748X
Tetragenococcus halophilus has predominantly been detected in high-salt fermented foods made from various materials such as vegetables, seafood and soybean in Asia (Kobayashi et al. 2003; Chen, Yanagida and Hsu 2006; Kim et al. 2009; An et al. 2010; Udomsil et al. 2010) . The fermentative ability of T. halophilus in high-salt concentrations was proved by active lactic acid production in De Man-Rogosa-Sharpe (MRS) broth supplemented with 15% (w/v) NaCl (Kobayashi et al. 2004 ). The potential of T. halophilus as a starter culture in highsalt fermentation has been reported in studies of production of chum salmon sauce (Yoshikawa et al. 2010) , red alga Nori (Porphyra yezoensis) sauce (Uchida et al. 2014 ) and fish sauce (Udomsil et al. 2011 ).
We also isolated T. halophilus as one of the predominant species in doenjang, a traditional Korean high-salt fermented soybean paste that is ripened at >12% (w/w) NaCl (Jeong et al. 2014) ; we assessed the safety of isolates to select safe starter culture candidates (Jeong et al. 2017) . Applying European Food Safety Authority guidelines for the safe use of microorganisms as food/feed materials (EFSA 2004), we selected safe strains in terms of antibiotic susceptibility, hemolytic activity and biofilm formation. On the other hand, all of the isolates produced relatively high amounts of tyramine (average 3338.6 ppm) in vitro (Jeong et al. 2017) .
Excessive amounts of biogenic amines in foods are undesirable because of their toxicological effects on humans, such T. halophilus KCCM 40823, a tyramine producer, was used as a reference strain. After cell cultures in MRS broth containing 3% (w/v) NaCl and four biogenic amine precursors for 3 days at 30
• C, the biogenic amines produced by strains were determined. Culture and biogenic amine quantification were performed according to the methods applied in our previous study (Jeong et al. 2017) . All experiments were conducted three times on independent samples prepared in the same way on separate days.
as hypertension, headache, diarrhea and localized inflammation (Halasz et al. 1994) . Histamine is the only biogenic amine for which a guideline threshold currently exists, but tyramine is prevalent in fermented soybean products from Korea (Cho et al. 2006) . Recently, we newly isolated T. halophilus strain KUD23 from a traditionally manufactured, commercial doenjang, which does not produce histamine (0 ppm) and produce relatively small amount of tyramine (10.1 ppm) in vitro (Fig. 1) . On the other hand, the published reference strain KCCM 40823, a tyramine producer purchased from the Korean Culture Center of Microorganisms, produced 3009.7 ppm of tyramine. T. halophilus KUD23 did not exhibit resistance to eight antibiotics (ampicillin, chloramphenicol, ciprofloxacin, erythromycin, gentamicin, penicillin G, tetracycline and vancomycin) , hemolysis or biofilm formation (data not shown). The strain sustained growth on MRS agar containing 21% (w/v) NaCl, produced acid at 15% NaCl, and exhibited proteolytic and lipolytic activities at 3% and 4% NaCl, respectively (Table 1) . Considering the NaCl concentration of doenjang (∼12% NaCl) and the high protein and lipid content in soybean, the salt tolerance and proteolytic and lipolytic activities of strain KUD23 may contribute to production of high-quality doenjang. To shed light on the genetic background behind the phenotypic characteristics, including non-histamine production and proteolytic and lipolytic activities of strain KUD23, genomic analysis was performed.
Whole-genome sequencing was performed using a combination of an Illumina MiSeq system and the PacBio singlemolecule real-time (SMRT) sequencing system at ChunLab, Inc. (Seoul, Korea). The Illumina reads were assembled using PacBio SMRT analysis 2.3.0. Gene prediction was performed using CLgenomics (ChunLab), followed by annotation through searching against the Clusters of Orthologous Groups (COGs) (Tatusov, Koonin and Lipman 1997) .
The complete genome of T. halophilus KUD23 contains a circular chromosome of 2599117 bp with a G + C content of 36.06% without a plasmid sequence. The entire genome contains 2471 protein coding sequences (CDSs), 62 tRNA genes and 15 rRNA genes. Among these, 2394 genes were functionally assigned to a category based on assignments of COGs. Gene category analysis showed that the predominant genes are related to carbohydrate metabolism (348 genes; 14.5% of total COGs), followed by genes involved in replication (241 genes; 10.1%), transcription (198 genes; 8.3%), and amino acid transport and metabolism (172 genes; 7.2%). Strain KUD23 does not possess any decarboxylase genes involved in the production of biogenic amines, and produced feeble amounts of histamine, tyramine, cadaverine and putrescine considering the amount of tyramine produced by reference strain KCCM 40823 (Fig. 1) .
Comparative genomic analysis of strain KUD23 with the published genome of strain NBRC 12172 revealed that T. halophilus possesses several proteolytic enzyme genes, present in single or multiple copies ( Table 2 ). The putative amino acid sequences of single-copy genes shared by the two strains exhibit ≥99.1% homology. The putative amino acid sequences of homologs classified in the same enzyme group exhibit homologies between 10.7% and 98.4%. Interestingly, strain KUD23 possesses eight copies of genes potentially encoding ATP-dependent proteases (GO:0008233), and five of them (B2J85 RS03595, RS03925, RS04745, RS06195 and RS08785) are copies of a CDS having ≥99.8% putative amino acid homology to each other (Table 2 ). In addition, transposase genes (B2J85 RS03525, RS04215, RS04345, RS06150, RS07265, RS08380, RS08635 and RS08940) were identified in the flanking regions of the ATP-dependent protease homologs. Thus, we suggest that strain KUD23 acquired the several ATP-dependent protease genes by internal multiplication and lateral transfer events. The multicopy presence of ATPdependent protease homologs might be a factor that contributes to the strain-specific proteolytic activity observed on skim milksupplemented MRS agar plates (Table 1) .
Comparative genomic analysis of strains KUD23 and NBRC 12172 revealed the existence of four different genes involved 
Technological properties were determined according to the methods applied in our previous study (Jeong et al. 2017 ). Lipolytic activity was tested on tributyrin agar (Sigma, St Louis, MO, USA) supplemented with 1% (v/v) tributyrin, where the maximum concentration of NaCl that could be added to the medium was 4% (w/v). Strains NBRC 12172 (KCCM 11377) and KCCM 40823 were purchased from the Korean Culture Center of Microorganisms. Abbreviations: +, positive activity; -, negative activity. The Enzyme Commission (EC) number is a numerical classification scheme for enzymes, based on the chemical reactions they catalyze. The Gene Ontology (GO) number is endowed by the Gene Ontology Consortium (http://www.geneontology.org/) to unify the representation of gene and gene product attributes across all species. The EC and GO numbers presented are based on the genes of strain KUD23. Homology means the putative amino acid sequence homology of the homologs between two strains. The homology in parentheses is the putative amino acid sequence homology of homologs with the specified gene within the genome of strain KUD23. Abbreviation: -, not identified or determined. in lipid metabolism (Table 3) . High putative amino acid sequence homologies of these four genes between the two strains (>95%) could not explain the strain-specific lipolytic activity of T. halophilus (Table 1) . Interestingly, insertion of a thioredoxin gene (B2J85 RS03210) was identified in the upstream flanking region of a lysophospholipase gene (B2J85 RS03215) in strain KUD23 relative to NBRC 12172 (Fig. S1 , Supporting Information). Thioredoxin has been known to enhance lipase activity as a transcription factor (Takagi et al. 1999; Alqueres et al. 2011; Babazadeh et al. 2012) . The high proportion of genes involved in nutrient utilization suggests flexibility of T. halophilus for survival in a variety of habitats, as well as the ability to degrade macronutrients in fermented foods. In addition to the absence of amino acid decarboxylase genes, strain KUD23 does not encode any of the virulence factors found in the well-known food pathogen Staphylococcus aureus. In this context, this study strongly supports the safety and functionality of strain KUD23 as a potential starter culture for high-salt soybean fermentation.
STRAIN DEPOSITION AND NUCLEOTIDE SEQUENCE ACCESSION NUMBER
Tetragenococcus halophilus KUD23 has been deposited in the Korean Culture Center of Microorganisms under accession number KCCM 12026P, and its complete genome sequence has been deposited in GenBank under accession number CP020017.
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